Di-and tricarboxylates found as intermediates in the tricarboxylic acid cycle can be utilized by many bacteria and serve as carbon and energy source under aerobic and anaerobic conditions. A prerequisite for metabolism is that the carboxylates are transported into the cells across the cytoplasmic membrane. Bacillus subtilis is able to metabolize many di-and tricarboxylates and in this overview the available data on all known and putative di-and tricarboxylate transporters in B. subtilis is summarized. The B. subtilis transporters, that are of the secondary type, are discussed in the context of the protein families to which they belong. Available data on biochemical characterization, regulation of gene expression and the physiological function is summarized. It is concluded that in B. subtilis multiple transporters are present for tricarboxylic acid cycle intermediates.
Introduction
conditions following different pathways (for enterobacteriarae review by Bott 1997) . In all cases, Di-and tricarboxylates found as intermediates in the citrate is first converted to oxaloacetate by citrate tricarboxylic acid cycle (TCA cycle, citric acid cycle, lyase. Bacteria that lack this enzyme, as is the case for or Krebs cycle) can be metabolized by many bacteria Bacillus subtilis, do not grow anaerobically on citrate. and serve as carbon and energy source. Under aerobic After the conversion of citrate to oxaloacetate several conditions the substrates are oxidized to CO and pathways are possible. In Escherichia coli, oxaloace-2 H O by running a full or partial TCA cycle during tate is converted to malate and, subsequently, to 2 which free energy is conserved in the form of reducfumarate by malate dehydrogenase and fumarase, ing equivalents that are used to generate proton morespectively. Fumarate is metabolized further by tive force (pmf) and ATP in oxidative phosphorylafumarate respiration. A co-substrate like glucose is tion. Under anaerobic conditions multiple pathways required to supply the reducing equivalents. In Klebexist. The C -dicarboxylic acids fumarate and L-masiella pneumoniae, no co-substrate is needed. late, that is dehydrated to fumarate by fumarase, serve aloacetate is converted to pyruvate and carbon dioxide as energy source through fumarate respiration which by oxaloacetate decarboxylase. This membrane em-1 leads to the generation of a pmf, high enough to drive bedded enzyme functions as a Na pump, thereby the synthesis of ATP by F F -ATPases (for review conserving the free energy released in the decarboxyl-0 1
see Janausch et al. 2002 , Kroger et al. 2002 . Succiation reaction in the form of a sodium ion gradient nate produced during fumarate respiration is ex-(for review see Dimroth et al. 2001) . The sodium ion changed for external fumarate without the cost of motive force is used to drive the uptake of citrate, or acetyl-CoA, which is converted to acetylphosphate fumarate / succinate exchange, citrate / succinate exand, finally, to acetate, a process which yields one mol change, citrate / lactate exchange, and malate / lactate of ATP per mol of citrate (Bott 1997) .
exchange. Lactic acid bacteria use fermentative pathways to Di-and tricarboxylate uptake in B. subtilis has been metabolize the di-and tricarboxylates malate and studied in the seventies and early eighties of the last citrate. In Lactococcus lactis malate is decarboxylated century. For C -dicarboxylates two uptake systems 4 to yield lactate. The enzyme is cytoplasmic and, in were described. One is a L-malate uptake system that 1 contrast to the membrane bound Na -pump in K. is induced by L-malate in the medium. It was reported pneumoniae, not energy conserving. The uptake of to be responsible for growth on L-malate as sole malate is coupled to the exit of its decarboxylation carbon and energy source (Willecke and Lange 1974) . product lactate (precursor / product exchange) which
The second system is less specific and was claimed to results in the formation of a membrane potential of transport L-malate, succinate and fumarate. It was physiological polarity. Furthermore, during the defound in cells grown on yeast extract (Ghei and Kay carboxylation step a cytoplasmic proton is consumed 1973), in the presence of citrate (Ghei and Kay 1972) , which results in a pH gradient over the cell memor expressed constitutively (Bisschop et al. 1975 ). brane. Taken together the pathway, termed malolactic
The latter study in membrane vesicles showed that the fermentation, results in a pmf that is large enough to transporter was of the secondary type. Similarly, it drive ATP synthesis via the F F -ATPase (Poolman was demonstrated that a secondary transporter cata- al. 1991; Bandell et al. 1997) . In a similar, but more lyzes the uptake of the tricarboxylate citrate in B. complex manner, citrate is metabolized in Leuconostsubtilis (Bergsma and Konings 1983) . Remarkably, oc mesenteroides and L. lactis by citrolactic fermenuptake of citrate was dependent on the availability of tation (Marty-Teysset et al. 1996) . Similar as in divalent metal ions (Warner et al. 2002b ). These early malolactic fermentation, divalent citrate is taken up in reports offer no information on the identity of the exchange for monovalent lactate. The pathway in the transporters that are responsible for the uptake of the cytosol converting citrate into lactate requires three solutes. The availability of modern molecular biology different enzymes and requires co-metabolism of techniques has greatly facilitated the identification glucose (Marty-Teysset et al. 1995 , 1996 . and characterization of the proteins involved in speFor all metabolic pathways described above it is cific metabolic pathways. Moreover, the complete essential that the di-and tricarboxylates be transgenome sequence of B. subtilis (Kunst et al. 1997 ) ported across the cytoplasmic membrane. All known yielded valuable information on all the transport and putative transporters of di-and tricarboxylates are capabilities of this bacterium (Saier et al. 2002) . secondary transporters; they derive energy from the In this review an overview is given of the di-and chemiosmotic gradient of protons or sodium ions to tricarboxylate transporters found in B. subtilis and the accumulate the substrate against a concentration graprotein families to which these transporters belong dient. Typical for the anaerobic breakdown pathways (summarized in Table 1 ). Available data on functional is the coupling of the uptake of the growth substrate to properties, regulation of transcription and physiologithe excretion of the end product of the pathway, i.e. cal function of the individual proteins are discussed. . It has been shown acterized in some detail, CitM and CitH of B. subtilis.
that the divalent cation is transported into the cell, i.e. The transporters transport tricarboxylates in complex the complex of metal and citrate is the transported with divalent cations. Both were shown to be protonspecies. Besides complexes of citrate with divalent coupled symporters. The hydropathy profiles of memmetal ions, CitM also transports isocitrate in complex bers of the family contain 11 to 12 hydrophobic with divalent metal ions (Warner et al. 2002b Expression of the citH gene was studied using the in E. coli (Boorsma et al. 1996; Krom et al. 2000) .
LacZ-fusion approach by which the promoter region However, functional expression of yraO in E. coli has of citH was fused upstream of the gene for b-galactofailed so far (B.P. Krom, unpubl.) . Using right-sidesidase (lacZ). Growth of the recombinant strain on out (RSO) membrane vesicles, CitM and CitH were plates in the presence of many different di-and shown to be secondary transporters that are driven by tricarboxylates revealed a low level of expression, but the transmembrane pH gradient, DpH, and by the no clear induction pattern. Similarly, a low level of membrane potential, DC, inside negative (Boorsma et expression was observed in exponentially growing al. 1996) . This observation indicates that at least one cells which correlated with the low citrate transport 21 21 21 net positive charge is transported into the cell. activity in the presence of Ca , Sr and Ba in the At first, CitH was identified as a transporter for free cells . On the other hand, a DNA citrate (Boorsma et al. 1996) . However, a more recent array study using 24 two-component regulatory sys-21 study has shown that CitH is a Ca -citrate transportems present on the genome of B. subtilis indicated 21 21 ter that also accepts Ba and Sr complexed to that the YufLM sensor kinase-response regulator pair citrate but not free citrate . CitS encoded by yflR, and a response regulator, CitT the case, CitH may very well be this Ca -citrate encoded by yflQ, both of which are located upstream uptake system. of citM (Figure 1 ). CitT is the DNA binding transcripCitM is the transporter involved in the growth of B. tional regulator and has been shown to bind to two subtilis on citrate and isoregions in the promoter region of citM (Yamamoto et citrate (Warner et al. 2002b ) as sole carbon source. A al. 2000) . The induction by citrate is overruled by the CitM deletion strain lost the ability to grow on citrate presence of carbon sources that are more easy to and isocitrate and both carbon sources induced exmetabolize, like glucose, glycerol and inositol pression of the transporter when present in the . Also the combination of succimedium. Catabolite repression by other medium comnate and glutamate and some component(s) in Luria ponents exerted on CitM expression further confirm Bertani broth were shown to repress CitM expression the role of CitM during growth on citrate and iso- (Warner et al. 2002a (Warner et al. , 2003 quently, rapid acidification of the medium which presence of both Mg and Ca . In B. subtilis strain 21 inhibits growth (Goel et al. 1995) . Co-metabolism of 168, the contribution of the Ca -dependent uptake glucose and citrate resulted in lower acid production was much smaller , suggesting a and a higher growth yield due to a better coordination different regulation of expression in the W23 and 168 between glycolysis and the TCA cycle. It has been strains. the DctA family, members of which are expressed shown to result in expression of DctP revealed apparunder aerobic conditions, and the three Dcu families, ent affinities for fumarate, succinate and L-malate of DcuA, DcuB and DcuC, members of which are ex-7.5 mM, 4.3 mM, and 13.5 mM, respectively pressed under anoxic or anaerobic conditions. No (Bisschop et al. 1975) . Competitive inhibition of homologues of either one of the Dcu families were uptake by the three substrates suggested that they identified in the genome of B. subtilis, while one were all transported by one and the same transporter. homologue of the DctA family was found, and, unIt cannot be excluded that transporters other than DctP fortunately, designated DctP (Asai et al. 2000) . The might have been involved in the uptake of L-malate as DctA family is a subfamily of the large dicarboxylate / well. Transport of the C -dicarboxylates in the mem-4 aminoacid:cation symporter (DAACS) family of brane vesicles was sensitive to uncouplers suggesting transporters found in bacteria, archaea and eukaryotes pmf driven transport. (Saier 2000; Janausch et al. 2002) . The bacterial DctA subfamily homologues share at least 40% identical Regulation of expression residues (Slotboom et al. 1999a) and are found in Gram-positive and Gram-negative aerobic or faculta-
The dctP gene is transcribed both in a single mRNA Expression of dctP can be found in minimal medium in the presence of a small amount of yeast Characterization extract. Interestingly induction is prevented by the addition of mM concentrations of L-malate in the To date no cloning and functional characterization of growth medium (Asai et al. 2000) while this may be DctP of B. subtilis has been reported. Growth studies one of the substrates of the transporter. It is remark- Teysset et al. 1995; Bandell et al. 1997) ). The latter to induce gene expression.
transporters are involved in secondary metabolic A functional CRE sequence located in the promoter energy generation under physiological conditions (citregion of dctP has been identified (Miwa et al. 2000) rolactic and malolactic fermentation, respectively indicating that expression is under control of Carbon (Poolman et al. 1991; Lolkema et al. 1996 ; MartyCatabolite Repression. In an older study it was dem- Teysset et al. 1996) ). Recently, a second member of onstrated that malate uptake activity was repressed by the family was described in K. pneumoniae, termed the presence of glucose in the medium (Ghei and Kay CitW, that catalyzes citrate / acetate exchangë 1973).
( Kastner et al. 2002) . Substrate specificity studies revealed that the symporters in the family are very specific, transporting only citrate or L-malate, while Physiological function the exchangers catalyze transport of a wide range of 2-hydroxycarboxylates (Bandell et al. 1997 Bisschop et al. 1975) . Interestingly, in Lolkema 2000a, Krom et al. 2003) . one of these studies a dicarboxylate binding protein Conserved residues in the cytoplasmic loop preceding has been identified, purified and characterized (Kay TMS XI were shown to be accessible from the outside 1981). The binding protein had an apparent molecular of the cell. It is proposed that this cytoplasmic loop is mass of 41 kDa and could be extracted from mempart of the structure that forms the translocation brane vesicles with detergents indicating the presence pathway through the protein. of a membrane anchor. The purified binding protein was shown to bind L-malate. The predicted molecular mass of DctB is 40 kDa. It is quite possible that DctB Characterization is the C -dicarboxylate binding protein described by (Figure 4 ) with the consensus CREaffinity for L-malate was low, but the maximal rate sequence (Weickert and Chambliss 1990). high. Therefore, CimH is a high affinity, low capacity A B. subtilis strain containing a fusion of the citrate transporter and a low affinity, high capacity promoter region of cimH and the gene coding for L-malate transporter. Citrate is transported in the free b-galactosidase (LacZ fusion) did not show induction anionic state, in contrast to two other citrate transporof expression on solid nor in liquid medium supters of B. subtilis (see MeCit family) that require plemented with a variety of di-or tricarboxylates, divalent cations for transport. Like most 2-HCT memincluding citrate and L-malate. Cells harvested in the bers, CimH is highly stereoselective, recognizing the exponential growth phase grown on a minimal S-, but not the R-enantiomers of malate and citramamedium showed a low citrate 1 late. CimH catalyzes electroneutral H -symport; uptake activity in the presence of the chelator EDTA, transport is driven by a pH gradient DpH and not by suggesting a low, constitutive level of expression. The the membrane potential DC. Since at pH 6, the conpromoter of cimH contains a functional CRE sedition of the experiments, divalent citrate and malate quence suggesting that expression is subject to Carare the most prevalent anionic species, most likely bon Catabolite Repression (Miwa et al. 2000) . Intertwo protons are co-transported. estingly, at the position of the ribosome binding site (RBS) in front of cimH of the 2HCT family and citH Regulation of expression of the MeCit family, a completely conserved stretch of ten nucleotides are present at exactly the same Expression of maeN is induced by L-malate in the distance from the translation start site (Figure 4 ). medium (Asai et al. 2000) . The yufLM genes that Only two other genes on the B. subtilis genome share code for a two component sensor system and that are this sequence at the same position; dctB, the C -4 located upstream of the maeN gene would be a dicarboxylate periplasmic binding protein involved in potential candidate for the sensor system (Figure 3) . induction of dctP (see DctA subfamily), and mleA, Based on amino acid sequence identity the sensor, encoding the malolactic enzyme found in the mleAN YufL, is clustered in the CitA family of sensors for operon (see NhaC family below). Possibly, this se-C -dicarboxylates (Janausch et al. 2002) together quence constitutes a rather long conserved RBS.
4 with the C -carboxylate sensors DcuS of E. coli (35% Alternatively it might represent some sort of regula-4 identical residues), and citrate sensors CitS (31% tory region. The relevance of this observation is not identity) and CitA (25% identity) of B. subtilis and K.
clear. a citrate / malate transporter, citH for a Ca -citrate transporter, dctB for a dicarboxylate binding protein, and mleA for a malolactic enzyme. The alignment was prepared using the Clustal X program (Jeanmougin et al. 1998) . Conserved nucleotides are marked with an asterix.
Physiological function
proteins are distributed over a number of different gene families, but in B. subtilis only two members of The 2HCT family contains proteins that function as the NhaC family are present (Saier et al. 2002) . The
symporters or precursor / product exchangers. The NhaC family of Na / H antiporters is relatively latter are involved in the generation of metabolic small, with members found in bacteria and in archaea. energy in lactic acid bacteria, (Poolman et al. 1991;  The proteins are around 460 amino acids long and Lolkema et al. 1996; Marty-Teysset et al. 1996) .
predicted to contain 12 putative TMSs. The two MaeN and CimH probably function as L-malate and members in B. subtilis, YheL and MleN, are the only citrate / L-malate symporters, respectively, under members that have been characterized to some extent physiological conditions (Wei et al. 2000; Krom et al. (Ito et al. 1997; Wei et al. 2000) . YheL functions as a low capacity citrate transporter and a low affinity, here), and MleN couples Na / H exchange to the high capacity L-malate transporter could mean that exchange of malate and lactate (Wei et al. 2000) . the physiological function of CimH is two-fold. Firstly, CimH might function in the uptake of citrate under Characterization conditions where citrate in the medium is present in its uncomplexed state. Secondly, CimH might funcMleN, designated YqkI in the Subtilist database, was tion as an L-malate transporter at high concentrations cloned and functionally expressed in E. coli. Everted of L-malate, while another transporter, possibly DctP, membrane vesicles expressing MleN took up lactate 1 takes over at lower concentrations. Microorganisms in symport with Na ions, but only in the presence of are known to use both high and low affinity transporintravesicular L-malate. Since the exchange between ters for the same substrate that are differentially lactate and L-malate was electroneutral, it was conexpressed dependent on the external concentration of cluded that MleN catalyzes the exchange of divalent 1 the substrate (e.g. the iron transporters of Candida L-malate and two H for monovalent lactate and one 1 albicans (Ramanan and Wang 2000) ). Na ion (Wei et al. 2000) .
Regulation of expression NhaC family
The mleN gene is found together with the mleA gene 1 1
Na / H antiporters are very abundant in nature and in an operon structure ( Figure 5 ). MleA codes for 1 believed to play a role in pH and Na homeostasis malolactic enzyme that converts malate in a single (Padan and Schuldiner 1994; Padan et al. 2001 ). The step into lactate and CO . No information is available on the regulation of transcription of the operon. signed. One additional ORF, yflS, was identified that Mostly based on the proposed physiological function could potentially code for a transporter involved in (see below), it was suggested that mleN expression growth of B. subtilis on di-and tricarboxylates. Two would be induced under low pmf conditions. The other ORF's coding for YoaB and CsbX are annotated mleA gene is one of the four genes on the B. subtilis in the Subtilist database as putative a-ketoglutarate genome that is preceded by the conserved putative transporters, but are probably not. RBS depicted in Figure 4 .
On the genome of B. subtilis, yflS is located close 21 to the gene that codes for the Mg -citrate transporter
Physiological function
CitM (see Figure 1) . The product of the yflS gene belongs to the ubiquitous family of divalent
1
The organization of MleN together with malolactic anion:Na symporters (DASS (Saier et al. 2002) ). All enzyme MleA in an operon structure suggests a members are around 450 amino acids in size and similar pathway for the breakdown of malate as contain 12 hydrophobic regions indicative of 12 putaobserved in lactic acid bacteria. Malate is taken up, tive TMSs (Pos et al. 1998) . Members of the family decarboxylated yielding lactate and carbon dioxide, transport inorganic anions, like sulfate and phosphate, and lactate leaves the cell in exchange for malate. In but also organic anions like di-and tricarboxylates lactic acid bacteria, malolactic fermentation functions and acidic amino acids. The product of yflS is in proton motive force generation (Poolman et al. homologous to CitT, the citrate-succinate antiporter 1991) or resistance against lactate under acidic conof E. coli that is expressed under anaerobic conditions ditions (Magni et al. 1999) . It was proposed that in B. (Pos et al. 1998 (Asai et al. 2000) , DctP is be a citrate transporter as well, but expression of the clearly not the only transporter involved in growth on ORF was not observed, nor has it been possible to L-malate. Repression of DctP expression by millimoheterologously express the gene coding for YraO. YflS lar concentrations of L-malate in the medium suggests is a homologue of CitT of E. coli, a citrate / succinate that DctP may be involved at low L-malate conantiporter that is expressed under anaerobic condicentrations. The low K for L-malate transport rem tions. Though the B. subtilis genome does not contain ported by Bisschop et al. (1975) and the dependence the known genes coding for citrate lyase, necessary of the sensing system that regulates expression of the for anaerobic citrate degradation, anaerobic growth of gene on a binding protein (DctB) would support such 1 a function. In contrast, expression of the Na -malate symporter MaeN in the 2HCT family is induced by L-malate in the medium and, therefore, could take 
